knockout rats, ECG monitoring, cardiomyocyte action potential and ion channel currents recording, quantitative immunoblotting, RNA immunoprecipitations, luciferase reporter assay, and statistical analyses.
Results

Cirp Knockout Shortens QTc Interval in Rats
To explore the physiology of CIRP in the mammalian heart, we generated genetically engineered rat lines using TALEN (transcription activator-like effector nucleases)-based genome editing to target exon 3 of Cirp to ablate its expression in intact rats ( Figure 1A ). Heterozygous rats were interbred to produce homozygous-deficient rats. The offspring exhibited the expected Mendelian ratios. revealed a mutation comprising a 7-bp deletion ( Figure 1A ). Western blotting analysis confirmed the gene-targeting efficiency of Cirp, demonstrating a significant reduction in CIRP protein expression ( Figure 1B ). The homozygous Cirp-knockout (Cirp-KO) rats were viable, fertile, and showed no apparent health defects. Next, we analyzed the cardiac phenotype of Cirp-KO rats. At 2 months of age, the echocardiographic and histological analysis revealed no significant differences in cardiac mechanical function, left ventricular posterior wall thickness, ventricular wall diameter, and interstitial fibrosis between wild-type and Cirp-KO rat hearts (Online Figure I) . We then evaluated the effects of Cirp on cardiac electrophysiological homeostasis. Telemetric ECG recording of Cirp-KO rats demonstrated normal PR interval, RR interval, and QRS duration, but there was a prominent shortening of QTc interval ( Figure 1C-1G ).
Cirp Ablation-Mediated Increase of Transient Outward Potassium Current Contributes to Cardiac Repolarization Acceleration
To investigate the cellular mechanisms underlying the phenotype of QTc interval shortening on ECG from Cirp ablation, we examined whether Cirp null affects action potential in ventricular myocytes. As shown in Figure 2A to 2D, there was a dramatic abbreviation of action potential duration in isolated Cirp-null cardiac myocytes, indicating an acceleration of repolarization. Next, using the whole-cell patch-clamping technique, we analyzed the ion-channel currents responsible for the alterations in action potential duration and the ECG changes mentioned above in Cirp-null rats. Notably, in Cirpdeficient cardiac myocytes, the current densities of I K1 , I Na , and I Ca.L , which, respectively, contribute to different phases of action potential in rat ventricular myocytes, 12 were comparable with those in wild-type myocytes (Online Figure II) . In contrast, we observed a marked increase in transient outward potassium current (I to ) current density without alterations in the activation, inactivation, or reactivation parameters ( Figure 2E-2H) .
Cirp Modulates the Functional Expression of Transient Outward Potassium Channel α-Subunits
Post-Transcriptionally
To gain insight into the increase in I to current in Cirp-null cardiac myocytes, the protein levels of I to channels were measured. The current consensus is that Kv4.2 and Kv4.3 are the primary α-subunits in rat ventricular myocytes. 13, 14 We found that Cirp ablation upregulated the protein levels of subunits Kv4.2 and Kv4.3, and there was no significant alteration in the auxiliary subunit Kv channel-interacting protein 2 (KChIP2) in Cirp-null cardiac myocytes ( Figure 3A) . Considering the inherent capacity of CIRP to target RNAs, 1 we further analyzed the potential binding of CIRP to KCND2, KCND3, and KChIP2 mRNAs using a CIRP antibody-based RNAimmunoprecipitation technique. The polymerase chain reaction assay identified the expression of KCND2 and KCND3 mRNAs in CIRP-bound transcripts ( Figure 3B ). We then investigated the function of CIRP in KCND2 and KCND3 mRNAs metabolism. As shown in Figure 3C and 3D, wholecell and cytoplasmic KCND2 and KCND3 mRNA levels were comparable in all the conditions tested. The lucifersase reporter-based assay indicated that CIRP did not affect the transcriptional activity of KCND2, KCND3, and KChIP2 mRNAs ( Figure 3E ). Collectively, CIRP post-transcriptionally modulates expression of the α-subunits of I to channels. A deficiency of CIRP facilitates the protein expression of I to channels.
Discussion
In this study, we identified a novel physiological role of CIRP in cardiac repolarization. First, ablation of Cirp by in vivo gene targeting demonstrated a shortened QTc interval ECG phenotype with structurally and functionally normal hearts. Second, a abbreviated action potential duration was observed in Cirp-null ventricular myocytes. Third, reduction in CIRP amplified I to channel current without any effect on other sarcolemmal ion channels. Finally, CIRP deficiency facilitated the protein expression of I to channel α-subunits. Therefore, it is shown here that CIRP regulates cardiac repolarization by controlling the expression and function of I to channels in cardiac myocytes.
RNA-binding proteins are essential components in the posttranscriptional regulation of gene expression, and they represent a set of homeostatic regulators for protein expression. 1 Once RNAs are transcribed, they are cotranscriptionally associated with RNA-binding proteins to form ribonucleoprotein complexes, which regulate every aspect of RNA metabolism including RNA splicing, nuclear export, localization, and translation. 1 As an RNA-binding protein, CIRP has been described to modulate gene expression at the post-transcriptional level. 9, 11 In the cardiomyocyte of CIRP-KO rats, there were no changes in whole cell and cytosolic KCND2/3 mRNAs. Luciferase reporter-based experiments revealed that CIRP did not affect KCND2/3 gene transcription activity (Figure 3) . In contrast to the constancy of KCND2/3 mRNAs, the amount of KCND2/3 protein changed in the direction opposite to that of CIRP, suggesting a negative regulation of KCND2/3 translation by CIRP.
Considering that abnormal ventricular repolarization is tightly linked to a variety of arrhythmic manifestations, 15 the constitutive expression of CIRP in the heart and the CIRPdependency of cardiac repolarization may imply the critical involvement of CIRP in cardiac physiology and pathophysiology. Importantly, RNA-binding proteins are important molecules with universal biological activities. The present findings may provide insight into the pivotal roles of these molecules in cardiac electrophysiology. Uncovering the potential roles of these RNA-binding proteins in cardiac electrophysiology will be one of the important research directions in the field of cardiology. 
